The objective of this study was to evaluate the performances and microbial diversities for development of the effective hyperthermophilic digester system that consists of a hyperthermophilic reactor and hyperthermophilic or thermophilic reactor in series. Lab-scale reactors were operated continuously fed with artificial kitchen garbage. The effect of temperature on the acidification step was firstly investigated. Results indicated that 20.8% of COD solubilization was achieved at 708C, with 12.6% at 808C. The average protein solubilization reached 31% at 808C. Methane conversion efficiency following the acidification was around 85% on average at 558C, but decreased with increasing temperature and methane gas was not produced over 738C. As well, bacteria affiliated with the methanogens dominated the population below 658C, while those affiliated with acidogens were predominant over 738C. These results indicated that the hyperthermophilic process has considerable benefits to treat wastewater or waste containing high concentration of protein.
INTRODUCTION
Among various methods used for the treatment of food wastes, anaerobic digestion is a promising technology with energy recovery. In 1980s, different configurations of anaerobic digestion systems were studied, and the majority of these systems were operated at mesophilic temperatures. Though these systems were effective processes in reducing the high concentration of organic matter, they showed a relatively low volatile solids breakdown and longer hydraulic retention time (HRT).
The more efficient thermophilic anaerobic digestion system has been developed. Due to disadvantages such as poor process stability, poor effluent quality, and highly sensitive operation factors like organic loading rate, both thermophilic and mesophilic digestion were combined as one system to eliminate the problems associated with these systems when operated independently (Sung & Santha 2003) . However, the problems still remained as compared with a conventional mesophilic anaerobic digestion process; in that there is no big different point in both organic matter reduction rate and specific methane yield (Song et al. 2003) . As well, an increase of many industrial organic-rich wastewaters and waste discharge which approaches the boiling point (more than 658C) caused socially serious problems. It is amenable to be treated by hyperthermophilic digestion processes for more effective utilization of waste heat and resources recovery. The increased demands for effective solubilization of a nonbiodegradable solid matter could draw much attentions for those. The objective of this study was to evaluate the performance characteristics and microbial diversities for development of the effective hyperthermophilic digester system that consists of a hyperthermophilic reactor and hyperthermophilc or thermophilic reactor in series. 
MATERIALS AND METHODS

Reactor and operation
Two series lab-scale reactors were used as the system of temperature-phased anaerobic digestion (TPAD) as shown in Figure 1 . The process consisted of two stages of reactors: an acid fermenter operated at a hyperthermophilic temperature (708C or 808C) and two methane fermenters operated at thermophilic (558C) as control and hyperthermophilic temperature (658C , 808C). Each reactor had a working volume of 6 L and was stirred by a steel stirrer at 250 rpm in the first stage and 200 rpm in the second stage.
Temperatures in the reactors were maintained in water bath filled with water-soluble oil. Gas and sludge sampling ports were also equipped. The pH was controlled by combination of controller and automatic titration of 10N KOH. Table 1 summarizes the operational conditions. They were run for about 320 days. The acidogenic fermenter was operated in the range from 4 to 8 days of HRT and from 4.2 to 11.6 days of solids retention time (SRT). The average feed concentration was TS of 9.8%, except for the start-up period with TS of 5.3% (Run 0). From Run 2, the sludge was returned to the acidogenic fermenter after it was concentrated to a higher density with centrifuge under 3,500 rpm for 10 minutes. From Run 0 to Run 3, it was operated at 808C, while Run 4 was controlled at 708C to compare the solubilization efficiency. The first stage was fed with artificial kitchen garbage from a feeding tank and the second stage was fed with the effluent from the first stage. Feeding and withdrawing were conducted once a day (24 hours cycle time).
Inoculums and substrate
The seed sludge used for the hyperthermophilic acidogenic fermenter was thermophilic microorganisms obtained from the acidogenic fermenter in a continuously operated two-phased methane production system, where the artificial kitchen garbage was treated in our laboratory (Park et al. 2004) . Whereas the seed sludge used for the Chemical analysis NH 4 þ -N, T-N, pH, TCOD cr (total COD) and SCOD cr (soluble COD) were measured according to the Standard Methods (1998). Carbohydrates (Dubois et al. 1956 ) and
proteins (Lowry et al. 1951) were analyzed by phenolsulfate method and Lowry method, respectively. Gas produced by fermentation was collected with gas bags and analyzed for volume and components with a gas analyzer (CGT-7000 and GC-14B, Shimadzu). The solubilization degree of COD, carbohydrate and protein in the acidogenic fermenter was calculated by the following equation:
where, S eff is effluent concentration of soluble component (g/L), S inf is influent concentration of soluble component (g/L), and T inf is influent concentration of particulate component (g/L). 
RESULT AND DISCUSSION
Hydrolysis in the hyperthermophilic acidogenic fermenter Figure 2 shows the average performances of the hyperthermophilic acidogenic fermenters. To discuss the effect of main operational parameters, such as temperature and HRT at acid fermentation on the following methane fermentation, methane conversion ratio in the control is included.
Variation of temperature indicated that COD solubilization ratio at 708C (20.8%) was higher than those at 808C (10.0 -12.6%). By contrast, the efficiency of solubilization of protein at 808C was 5% higher than that at 708C. The protein solubilization efficiency was from 31% in Run 2 and Run 3 to 22.4% in Run 1. Park et al. (2004) showed that the average protein solubilization was 25% in thermophilic acid fermentation fed with the same substrate as this study.
It appeared that proteins were degraded slower at 558C than at 808C under acidogenic conditions, whereas, the carbohydrate was solubilized less effectively than protein at 808C in Run 2 and Run 3. About 31.5% of carbohydrate was solubilized at 708C, but only 20% at 808C. The inverse tendency occurred between protein and carbohydrate. It is likely that the presence of protein had an adverse effect on the solubilization of carbohydrate. Breure et al. (1986) mentioned that a complete degradation of carbohydrate cannot be achieved in anaerobic treatment, as proteins and carbohydrates are present simultaneously in wastewater.
HRT is a key parameter for the performance of an acidogenic reactor, since it determines the solids solubilization efficiency and the degree of acidification of the influent (Guerrero et al. 1999) . When the HRT was shifted from 5 days (Run 1) to 4 days (Run 2), protein and carbohydrate solubilization was very sensitive to the changes of HRT.
The carbohydrate solubilization decreased from 29.6% to 21.2% and the protein solubilization increased from 22.4% to 31.1%. However, as observed by the result of a methanogenic reactor placed in series with acidogenic reactor, the methane conversion ratio in Run 1 was higher than that in Run 2 and Run 3. These efficiencies in Run 1 (808C þ 558C)
were around 93%, respectively, and they are as high as the thermophilic acid and methane fermentation system (558C þ 558C) (Park et al. 2004) . These concluded that organic particulates are liquidized to be soluble carbohydrates and proteins under the hyperthermophilic conditions, and these systems have good benefits to treat wastewater or waste containing high concentration of protein. Figure 3 shows the average performances of the methane fermenter. At 558C, methane fermentation was good and stable as shown by 55% of methane contents and about 85% of methane conversion ratio, but an increase of the temperature from 658C to 808C caused an instant drop in the methane gas production and a change of methane gas contents. At 658C, the methane conversion efficiency was 62.5% with pH control, while decreasing to 14.5% at 708C, and methane gas was not produced over 738C. The average VS removal ratio was about 80% in the control, while Run M6 to Run M10 underperformed the control system in terms of VS removal. As well, the concentrations of ammonia in all systems were maintained at around 1.5 g NH 4 þ -N/L. In this concentration, ammonia inhibition is not serious in adapted methanogenic cultures (Angelidaki & Ahring 1993) .
Methane fermentation
Diversities of microbes using PCR-Cloning
Variation of 16S rDNA concentration of total microbes is shown in Figure 4 . These values are shown by the number of gene copies. They were from 2.05 £ 10 9 to 3.56 £ 10 10 copies/L at 808C in the acid fermenter, and from 1.13 £ 10 12 to 1.86 £ 10 13 copies/L in the methane fermenters. The values were consistent with the results from several reports such as 1.6 £ 10 12 copies/L in wastewater treatment plant (Harms et al. 2003) . In the acid fermenter, the DNA concentration increased significantly when the temperature was decreased to 708C. In the methane fermenter, the DNA concentration decreased significantly when the temperature was increased. These concentration changes correspond with the results of treatment performance, because the effect of the temperature apparently depends on the dominant methanogens.
The results of clone sequencing are summarized in Table 2 . In Run 1, UAB291836 clostridium sp. and 
CONCLUSIONS
In this study, to evaluate the performance characteristics and microbial diversities in the hyperthermophilic digester system that consists of a hyperthermophilic reactor and hyperthermophilic or thermophilic reactors in series labscale reactors were operated continuously fed with artificial kitchen garbage. The following conclusions were obtained:
1. Variation of temperature indicated that COD solubilization ratio at 708C (20.8%) was gradually increased higher than those at 808C (12.6%). The efficiency of solubilization of protein at 808C was 31%, which was higher than that at 708C.
Methane conversion efficiency was about 85% in average
at 558C, but decreased with increasing temperature and methane gas was not produced over 738C.
3. Bacteria affiliated with the methanogens dominated the population below 658C, while those affiliated with acidogens were predominant over 738C.
These results indicated that the hyperthermophilic system has considerable benefits to treat wastewater or waste containing high concentration of protein, and can be useful for treating hot industrial process water and wastewater which exceeds more than 658C and rich in organic matter. As well, there are benefits to solve the increased demands for pathogen kill and effective solubilization ability of a nonbiodegradable solid matter.
